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ABSTRACT
Natural gas processes accounts for about 5.3 billion tonnes per year of carbon dioxide (CO2) emission 
to the atmosphere. At this rate of emission, the expectation will drastically rise if not curtailed. In order 
to achieve this, a cost-effective and environmental friendly technology is required. In recent times, 
membrane technology has been widely applied for CO2 removal from raw natural gas components. 
This article examines CO2 separation from natural gas, mainly methane (CH4), through a mesoporous 
composite membrane. A laboratory scale tubular silica membrane with a permeable length of 348 mm, 
I.D and O.D of 7 and 10 mm, respectively, was used in this experiment. Scanning electron microscopy 
(SEM) was used to analyze the morphology of the membrane. Single gas permeation of helium (He), 
CH4, nitrogen (N2), argon (Ar) and CO2 were determined at permeation temperature range between 
25 and 100°C and feed gauge pressure of 0.05 to 5.0 barg. Before silica modification, He recorded the 
highest flow rate (0.3745 l/min) while CO2 recorded the least flow rate (0.1351 l/min) at 0.4 barg and 
25°C. After silica modification, CO2 flow enhances significantly (3.1180 l/min at 1.0 barg) compared 
to CH4 (2.1200 l/min at the same gauge pressure) due to the influence of surface flow mechanism. 
Temperature variation described the applicability of Knudsen diffusion for He. A combination of vis-
cous, surface and Knudsen diffusion transport mechanisms were obtained throughout the experiment. 
Membrane thickness was also calculated to be 2.5 × 10−4 m.
Keywords: Carbon dioxide removal, dip-coating, gas permeation, nanoporous ceramic membranes, 
natural gas separation, permeation temperature, surface flow.
1 INTRODUCTION
The world population is expected to increase from 7.16 billion in 2014 [1] to 9.2 billion by 
2050 [2]. Energy consumption is also expected to rise from 15 million MW per year to 
40 million MW by 2050 [2]. The use of fossil fuels continue to dominate the world’s energy 
demand, with the share of natural gas alone being approximately 23.5%, which significantly 
contributes to the global climate change due to the related emissions of greenhouse gases, 
such as carbon dioxide (CO2), methane (CH4), carbon monoxide, nitrous oxide among others 
[3,4]. According to the Intergovernmental Panel on Climate Change (IPCC) Fourth Assess-
ment Report, natural gas processing emitted about 5.3 billion tons of CO2 in 2004, while coal 
and oil emitted 10.6 and 10.2 billion tons, respectively [5]. In recent years, some carbon 
reduction policies were introduced in order to mitigate the increase of CO2 emission globally 
[6]. From an environmental point of view, it is imperative to separate CO2 from natural gas in 
order to safeguard our environment. A number of techniques tend to emerge as a substitute to 
this application, such as absorption, adsorption, and membrane processes [2]. 
Membrane processes have recently emerged as the state-of-the-art technology for such 
application. Among the merits of membrane technology for CO2 separation is that, it 
requires low energy and is attracts CO2 by chemical modification of the pore walls using 
other materials, such as silica [7]. Membrane technique was applied five decades ago for 
desalination purposes [2] and natural gas processing [8]. Polymeric membranes, such as 
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hollow fibre composite membranes, have been used. The investigation disclosed that pol-
ymeric membranes are limited for some applications. Therefore, ceramic membranes 
substituted polymeric membranes as they are chemically resistant and thermally stable. 
Membranes are basically barriers that are selective to one component and reject/hinder 
others. Their performance is dictated by membrane strength, permeability and selectivity 
[8]. Membranes can be classified into inorganic and organic systems. The organic ones are 
further divided into biological and polymeric constituents, while inorganic membranes 
can be divided into metallic and ceramic (porous and non-porous) membranes [8]. Accord-
ing to the International Union of Pure and Applied Chemistry (IUPAC), porous membranes 
are classified as; micropores 0.5-2 nm, mesopores 2-50 nm and macropores >50 nm 
[9,10]. In recent times, membranes were fabricated from polymeric materials in the indus-
try but these have limited the application owing to being less resistant to chemical attacks 
and high temperatures. It is for these reasons that inorganic membrane technology is 
receiving an ever-increasing attention [11].  Inorganic membranes are commonly made 
from ceramic, metal oxide or sintered metal, palladium metal, zeolite among others, 
which are applied in the laboratory scale experiment [12]. Sol–gel method is widely 
applied as the preferred preparation method for inorganic membranes. This method is 
being used to obtain microporous ceramic membranes, for example, by depositing silica 
layers on ceramic supports. These ceramic supports can either be alumina or porous Vycor 
glass [13,14]. 
Some literature [15,16] describes the mass transport through membranes. The so-called 
Knudsen number is used to classify gas flow in a porous media, which is written as [16]:
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where l is the mean free path of gas molecules, and dp is the pore diameter. 
Also mean free path can be defined as the distance traversed by a gas molecule from one 
collision to the other and is given as [16,17]:      
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where NA Avogadro’s number (mol), P pressure (pa), d diameter (m), R gas constant (8.314 
J.K-1.mol-1) and T is the permeation temperature (K).
Gas transport through porous membranes are influenced by viscous flow, Knudsen diffu-
sion, surface flow, multi-layer diffusion, capillary condensation, molecular sieving and 
solution-diffusion transport mechanisms [15,18,19]. 
Viscous flow is determined if the mean free path is smaller than the pore diameter, the flow 
characteristics are determined primarily by collisions among the molecules and can be writ-
ten as [16]:
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where ε is the porosity of the membrane, r is the mean pore radius (m), P
av
 = (p1 + p2)/2 is 
the average pressure (Pa), ΔP is the pressure difference (Pa), μ is the viscosity (Pa-s) and L is 
the thickness of the membrane (m).
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Knudsen diffusion occurs if the mean free path is effectively larger than the pore diameter. 
If the collisions among the permeating molecules and the pore wall of the membrane are the 
main transport mechanism, the separation is based on molecular weight difference [15,16,19]. 
Thus, Knudsen permeance states that the permeation flux is proportional to the inverse 
square root of both molecular weights of gases and temperature, which can subsequently be 
written as:
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where τ is the tortuosity that describes the geometry and transport properties of porous media 
and M is the molecular weight of the diffusing gas (g/mol). 
However, if the mean free path of the gas molecules is equal to the pore diameter, then 
the flow is governed by the combination of both mechanisms (i.e. Eqns 3 and 4), which is 
written as:
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where Pt is the total permeance (mol m-2 s-1 Pa-1).
Equation (5) can be rewritten as:
 
P C P Ct av= 1 2  (6)
where C1 and C2 constants representing viscous and Knudsen flow respectively. 
Surface flow can occur in parallel with viscous Knudsen diffusion. It occurs if the diffusing 
molecules adsorbed on the pore walls of the membrane and migrates along the pore surface. 
Multi-layer diffusion occurs if the flow of gas molecules is adsorbed in the membrane at 
different number of layers. Gas mixture permeates through the pores of the membrane at a 
given pressure and temperature. Molecular sieving is used to separate gas molecules that 
differ in kinetic diameter. It enables the permeation of gases that have lower kinetic diameter 
to pass through the membrane “sieve” than the larger ones [15]. Solution-diffusion separation 
relies on the physical–chemical interaction of gases and the dense membrane that determine 
the amount of gas that can accumulate in the membrane matrix [18].
In this work, a defect-free tubular membrane consisting of a thin silica active layer was 
obtained from the repeat dip-coating method. The effects of temperature and feed pressure on 
permeate flux have been experimentally studied on single gases for natural gas separation.
2 EXPERIMENTAL
2.1 Experimental and membrane preparation
The experimental set-up used in this study is shown in Fig. 1. It consists of a stainless steel 
tubular membrane reactor cell. Graphite rings with an I.D and O.D of 10.2 and 24 mm, 
respectively, was used at each end of the stainless steel reactor. Single gases, such as He, N2, 
CO2, CH4 and Ar, with a purity of ≥ 99.99%) supplied by BOC (UK) were used. A digital 
flowmeter was used to measure the permeation rates at different pressure drop across the 
membrane. 
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Membrane modification was achieved using the repeated dip-coating method. The solution 
was prepared by mixing 50 ml of silicon elastomer (Sylgard®) and nine parts of isopentane 
contained in a glass tube to obtain a clear and colourless solution. A curing agent (Sylgard®) 
equivalent to one-tenth of the elastomer was added and the resulting solution was mixed 
at room temperature. The solution was then allowed to age for 30 min after which the 
ceramic support was immersed for 30 min. The membrane was then oven dried at 65°C 
for 24 h to form an ultra-thin layer on the support. The same procedure was repeated for 
subsequent coatings. Up to seven dips were prepared and evaluated at room temperature in 
this experiment [20,21].
2.2 Membrane characterization
The tubular commercial ceramic support consists of 77% alumina and 23% TiO2 with a nom-
inal pore size of 15 nm. The membrane has a permeable length of 348 mm with I.D and O.D 
of 7 and 10 mm, respectively. The surface and cross-sectional morphologies of the support 
and membrane were analysed by scanning electron microscopy (SEM) (Zeiss EVO LS10). 
The membrane was found to be defect-free. Figures 2 and 3 show a SEM image of the inside 
and outside surface of the support before modification. The SEM of the cross-section of the 
membrane is shown in Fig. 4. Membrane thickness was calculated using Eqn (7) from the 
literature [22]:  
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where L is the membrane’s thickness, W1 is the weight of the alumina support before coating, 
W2 is the total weight of the support and the membrane, A is the membrane’s area, r is the 
theoretical density of alumina (3.95 × 103 kg.m–3) [23] and e is the porosity of the 
membrane (45%).
Figure 1: Schematic diagram for the permeation test experiment.
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Figure 2: SEM image of the support inside surface.
Figure 3: SEM image of the support outside surface.
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3 RESULTS AND DISCUSSION
3.1 Membrane thickness
Figures 5 (a, b) and 6 (a, b) show the EDXA (Oxford Instruments INCA System) and the 
SEM images of the outer and inner surface of the silica membrane. It is obvious from the 
image that some amount of silica has been adsorbed by the membrane during the dip-coating 
process. Figure 7 shows the increments in membrane thickness as a function of number of 
dips. The thickness per dip decreases as the number of dips increases, which is what was 
expected. Generally, the total thickness obtained was 2.5 × 10-4 m and the exposure time per 
dip was 30 min.  
3.2 Gas permeation
Different gas permeation and feed pressure relationship were obtained from the support and 
the membrane at temperatures up to 100°C. Figure 8 show a typical example of single gases 
permeation behaviour for the unmodified membrane for fully opened retentate at 25°C. The 
feed pressure tested were between 0.05 and 0.40 bar, and it was found that the permeate flux 
increases linearly with increasing feed pressure. It can be seen that He recorded the highest 
permeate flux while CO2 recorded the least permeate flux. In that case, an unmodified support 
does not support CO2 removal from natural gas process. Figure 9 depicts the relationship 
between CH4 and CO2 separation against feed gauge pressure at 25°C for fully opened reten-
tate. It is obvious that CO2 has been positively separated from CH4 after silica modification 
Figure 4: SEM image of the membrane’s cross-sectional area.
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Figure 5: SEM and EDXA image of the membrane’s outside surface after modification.
Figure 6: SEM and EDXA image of the membrane’s inside surface after modification.
Figure 7: Membrane thickness against number of dips.
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via the repeat dip-coating method. This indicates that silica membranes offers good separa-
tion performance for the removal of CO2 from natural gas, mainly methane.  
Figure 10 depicts the relationship between CO2 flow rates against feed pressure before and 
after silica modification at 25°C for fully opened retentate. It is obvious that CO2 permeation 
increased after silica modification, which clearly indicates that higher CO2 transport is 
achieved through the repeat dip-coated membrane corroborating literature [15]. A compari-
son of the gas transport for both methane and CO2 confirms this point as shown in Fig. 11.
According to Eqn (6), the plots of permeance of CO2 and CH4 against average pressure are 
illustrated in Fig. 11. It can be seen that a good linear relationship exist between Pt and Pav 
Figure 8:  Gas permeates flux for unmodified membrane against feed pressure at 25°C (fully 
opened retentate)
Figure 9: Flow rate of CO2 separation against feed pressure at 25°C. 
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for the silica membrane at room temperature. The values of C1 and C2 are obtained by fitting 
the plots into straight line shown in Fig. 11. It is suggested that an adsorptive transport con-
tribution occurred due to the interaction between gas molecules and the wall of the 
membrane’s pore. CO2 is known to strongly adsorb on the pore walls of silica membranes, 
resulting in surface flow. It is suggested that interaction between pore wall and CO2 can be 
improved by subsequent chemical modification of the pore wall with other materials, which 
will result in an increased surface flow as a transport mechanism [24]. Therefore, Eqn (6) 
becomes:
 
P C P C Ct av= +1 2 3  (8)
where C3 is constant, representing the contribution of adsorptive surface flow mechanism. 
It can be seen in Fig. 12 that He permeate flux decreases with increasing temperature for 
fully closed retentate at different transmembrane pressures. These slopes also indicate that 
Figure 10: CO2 flow rate depending on feed pressure before and after modification at 25°C. 
Figure 11:  Permeance of CO2 and CH4 against average pressure after silica modification 
at 25°C.
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gas permeability decreases with an increase in temperature, which is in line with Knudsen 
flow mechanism. 
4 CONCLUSIONS
In this experiment, a laboratory scale tubular silica membrane was used. The influence of 
permeation temperature (25 to 100°C) and feed gauge pressure (0.05 to 5.0 barg) of He, 
CH4, N2, Ar and CO2 were examined from support and silica-modified membrane. The silica 
membrane offers better CO2 separation from CH4 with the retentate fully opened to 5.0 barg 
at 25°C compared to unmodified membrane support. Surface flow mechanism is considered 
to be negligible for He permeate flux against the tested temperature (25 to 100 0C) at differ-
ent feed gauge pressures (0.10 to 0.40 barg). The permeate flux drops from 0.2559 to 0.1936 
between 25 to 100°C at 0.10 barg, whereas between 25 to 100°C at 0.40 barg, the permeate 
flux is almost independent of pressure. The influence of Knudsen diffusion, viscous flow 
and surface flow mechanisms were achieved based on the experimental results obtained. 
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